Spin-orbit torques (SOT) in thin film heterostructures originate from strong spin-orbit interactions (SOI) that, in the bulk, generate a spin current as the result of extrinsic spindependent, skew or/and side-jump, scattering, or in the intrinsic case due to Berry curvature in the conduction band. While most SOT studies have focused on materials with heavy metal components, the oxide perovskite SrRuO3 has been predicted to have a pronounced Berry curvature. Through quantification of its spin current by the SOT exerted on an adjacent Co ferromagnetic layer, we determine that SrRuO3 has a strongly
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2 Strong spin-orbit interactions (SOI) in conducting systems have long been a subject of keen fundamental interest and practical importance, accounting, e.g. for the source of the anomalous Hall effect (AHE) in magnetic conductors [1] [2] [3] . Until recently the direct experimental study of these effects on electron and spin conductivity has been largely limited to magneto-optical studies [4, 5] and to measurements of the AHE, where the effect of the SOI on electron transport is intertwined with the magnetic properties [1] . The recent development of methods for quantifying the transverse spin Hall conductivity SH  of conducting systems through measurements of the "spin-orbit torques" (SOT) [6] [7] [8] [9] [10] that the spin current exerts when it impinges on an adjacent ferromagnetic layer, has established a powerful new technique for studying strong spin-orbit interactions in non-magnetic conductors with high SH  . So far, the search for materials that can provide robust SOT has concentrated on conductors where at least one component is a heavy metal (HM) element, e.g. Pt, W, Bi, Ir [11] [12] [13] [14] [15] [16] [17] [18] , but it is known strong SOI can also be found in materials composed of only lighter elements. In particular the Ru ion is understood to be the origin of a quite strong spin-orbit interaction in the conduction bands of the ruthenate class of oxide conductors [19] [20] [21] , Srn+1RunO3n+1, accounting for the very strong magneto-crystalline anisotropy (MCA) of SrRuO3 (n=  ) in its low temperature ferromagnetic state [19] . Band structure calculations have indicated a particularly strong Berry curvature in this material [22, 23] , which is now understood to be a good predictor of a high intrinsic SH  (strong spin Hall effect), although AHE measurements have not fully supported a dominant role of the Berry curvature in that aspect of ferromagnetic SrRuO3 [24] .
Here we report SOT and related spin transport measurements of high quality SrRuO3/Co thin film bilayers grown in situ in a molecular beam epitaxy (MBE) system where the highly ordered SrRuO3 (hereafter SRO) is grown on a SrTiO3 (STO) buffer layer formed on a Si 3 substrate. From spin-torque ferromagnetic resonance (ST-FMR) we find that the damping-like SOT that is exerted on the Co layer from RF current flowing in the SRO layer is quite strong at room temperature, and somewhat surprisingly, increases quasi-linearly with decreasing temperature to the lowest temperature studied, ~ 60 K, well below the ferromagnetic Curie temperature Tc of the SRO layer of ~ 150 K. Effects of the ferromagnetic transition and the AHE for T ≤ Tc are also clearly evidenced in the temperature dependent SOT.
The fabrication of the oxide/FM heterostructures used in our spin-torque study began with the epitaxial growth of first a 15 nm thick STO buffer layer and then the SRO (4, 6 or 10 nm) on a Si (001) substrate, using a recently refined MBE technique [25] (see Supplementary Material), following by the deposition of a thin film of Co (4 or 6 nm thick) on top of SRO with a 1 nm thick Al capping layer. Figure 1a . provides a schematic representation of the epitaxial heterostructure. We confirmed the quality of the SRO layers by X-ray diffraction (see SM) and by scanning transmission electron microscopy (STEM). Figure 1b shows the low magnification angular bright field (ABF) image of the STO(15)/SRO(6)/Co (6) heterostructure (thickness of layers in nm). We also measured the resistivity of a STO(15)/SRO(10) sample as a function of temperature, with results as shown in Fig.1d . The resistivity of the SRO r xx SRO (T ) shows a strong temperature-dependent behavior from room temperature down to 4 K, typical of the material [26, 27] . There is an obvious kink at ~ 150 K in the resistivity, consistent with a change in electron scattering rate due to the ferromagnetic transition of SRO [26] . In the inset of Fig.1d , we plot dr xx SRO (T ) / dT as a function of T, from which the Curie temperature can be estimated to be 150 c TK , slightly lower than the Tc in bulk value (~ 160K ), but close to values previously observed in good quality thin SRO 4 films [28] . Figure 1c displays shows high magnification high-angle annular dark-field (HAADF) and ABF STEM images of a SRO(10)/Co (6) sample showing that the Co layer is polycrystalline.
As seen clearly in the ABF image, the well-defined atomic positions and clear separation of the layer structures at the SRO/Co interface indicate there is little distortion or intermixing there, which is promising for efficient interfacial spin transport.
In the spin Hall effect (SHE) a transverse spin current density j s is generated in the direction ( ẑ) normal to the plane of the spin Hall layer with the spin polarization ŝ being inplane ( ŝ y ), orthogonal to the direction ( x ) of the electrical current density c j .
(2 / ) / tilting and rotation of the oxygen octahedron is crucial to the large spin Hall effect predicted for that semi-metal pervoskite [33] . We also note that the measured tilt of both SRO samples drops down to ~ 5 o in the last layer adjacent to the Co, which may be indicating a spatially varying spin Hall conductivity near the SRO/CO interface and hence that the spin current density at the SRO/Co interface is less than that in bulk of the SRO.
To examine the effect of the strongly temperature (T) dependent electron conductivity of SRO and also the effect of its ferromagnetic transition on the spin current, we performed T- 
(2).
In Eq.(2), the first term The second and third terms denote the ST-FMR responses that arise from the torques exerted by any incident spin currents with, respectively, ŝ z and ŝ
x polarization (or from the torques exerted by any effective field that is 7 along ẑ or x ). As we discuss below, the signals from our SRO/Co samples are, as expected, dominated by the first term in Eq. (2), but at low T there is also a measurable component whose  dependence is described by the second term. Figure 3a shows the schematics for //  and  ⊥ in the SRO/Co bilayer.
We show in Fig In addition to the high s SH eff (T ) and its strong variation with T, another surprising result is the minimal effect of the paramagnetic-to-ferromagnetic transition of the SRO on D  ( j s ), (Fig.   3b ). Normally one would expect any spin current generated by the SHE in a FM to be rapidly dephased due to precession about the local exchange field, and that only a spin current 8 component whose polarization is collinear with the internal magnetization would be retained [34] .
Our tentative interpretation for the persisting strong transverse spin current with ŝ y polarization persists in SRO well below Tc is that this is due to the spin diffusion length l s in SRO being considerably shorter than the spin dephasing length l dp in the FM state. In a conventional ferromagnet, e.g. Co, 1 nm << l s [32, 35] , but the lower SRO exchange energy (field) in combination with its very strong spin-orbit interaction (short s  ) appears to reverse this relationship resulting in an atypical preservation of a strong spin Hall current below the SRO magnetic transition.
There is clear evidence of the FM state in the spin torque behavior; that is found in the smaller response of the ST-FMR signal that has the symmetry expected for a spin current with ŝ z polarization, as described by the second term in Eq. 2. In that case V S z arises from an in-plane field-like spin-orbit torque via a perpendicular effective field eff z H and V A z is the measure of the out-of-plane damping-like torque generated by the Co absorption of ŝ z spins (see SM). In Fig. 3d and its inset we plot as a function of T the spin torque efficiency x . We also analyzed the magnitude of the torques described by the third term in Eq.(2) of the angular dependent ST-FMR signal, but found them either non-existent or much weaker than the other two terms (not shown here).
The T-dependence that we observe in x DL , and hence the stronger variation in s s SH (T ) is expected to be independent of s xx (T ) [38] , which predicts strong Berry curvature [39, 40] . We note that a first-principles calculation of the intrinsic s SH (T ) of Pt [40] has predicted a T-dependence that is very similar to what we observe here for SRO.
Alternatively, part of the s SH (T ) behavior could arise from a T-dependent change in the octahedral tilt due to the change in the interfacial strain, but since Co has a slightly higher coefficient of thermal contraction than SRO [41, 42] , any detrimental strain at the SRO/Co interface should increase with decreasing T.
In summary, from ST-FMR measurements we obtain a strong, damping-like SOT attributable to the spin Hall effect in the high-quality SRO/Co bilayers that increases with decreasing temperature and continues to do so well below the Curie temperature of the SRO.
11
This behavior, in conjunction with the strong temperature dependence of s xx , indicates that the intrinsic SRO spin Hall conductivity s SH (T ) increases strongly with decreasing T, reaching as a lower bound ( ) 
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The SrTiO3, SrRuO3, Co and Al capping layer were all grown in a Veeco Gen10 dualchamber MBE system on 2˝ commercial silicon wafers (p-type, boron doped, and resistivity = 10 cm  ). To be specific, the 15 nm thick SrTiO3 buffer layer was grown in the first chamber with a base pressure in the upper 10 -9 Torr range. The wafer was then transferred in vacuum to a second growth chamber with a base pressure in the lower 10 -8 Torr range. Following the growth of the SrRuO3 in the second chamber the stack was transferred back to the first growth chamber for deposition of the Co layer and the Al layer. Both growth chambers are equipped with in-situ reflection high-energy electron diffraction (RHEED) systems for monitoring the film growth.
Substrate temperature was monitored either by a thermocouple for temperatures below 500 °C or an optical pyrometer with a measurement wavelength of 980 nm for temperatures above 500 °C.
Prior to film growth, the silicon substrate was cleaned ex situ in an ultraviolet ozone cleaner for 20 min to remove organic contaminants from the surface of the substrate. Molecular beams of strontium, titanium and ruthenium were generated from elemental sources using a conventional low-temperature effusion cell, a Ti-Ball TM [1] , and an electron-beam evaporator, respectively.
The SrTiO3 layer in our samples was grown in the first growth chamber by the epitaxyby-periodic-annealing method [2] for its first 2 nm (5 unit cells) and then with a high temperature codeposition (strontium, titanium and oxygen all supplied simultaneously) growth step at 580 °C The SrRuO3 film was grown under adsorption-controlled growth conditions [5] after transfer to the second growth chamber under vacuum. Unlike the growth of SrTiO3, which needs careful calibration to provide 1:1 matched fluxes of strontium and titanium [6] to yield a 25 stoichiometric SrTiO3 film [7] , the stoichiometry of the SrRuO3 film grown by adsorptioncontrolled growth is ensured by providing an excess ruthenium flux to the growing film and exploiting thermodynamics to precisely desorb the excess ruthenium in the form RuOx(g). We grew the SrRuO3 film at a substrate temperature of 660-700 °C (measured using the optical pyrometer) and an oxidant (a mixture of ~10% O3 + 90% O2) background pressure of 1 × 10 −6
Torr. More details of the growth of the SrRuO3 film can be found elsewhere [3, 5] .
The polycrystalline Co and Al layers were both deposited at room temperature in the first growth chamber under vacuum. The Al layer was fully oxidized into amorphous aluminum oxide when the heterostructure was taken out of vacuum. The molecular beams of cobalt and aluminum were both generated from medium-temperature effusion cells. For temperature dependent ST-FMR measurements, the SRO/Co bilayer samples were wire-bonded to a RF waveguide for RF current input, mounted inside a cryostat cooled by liquid helium. At each measured temperature, an RF current (13.5GHz) generated by a RF signal generator was applied to the SrRuO3/Co bilayer through a bias tee. An electromagnet was mounted on a rotational stage to provide a magnetic field that could be swept from 0.2 T to 0 T at a given in-plane angle relative to the RF current direction. The ST-FMR resonance signal was detected as a dc mixing voltage by a lock-in amplifier. (c)
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S2. X-ray diffraction characterization and High-resolution, aberration-corrected Transmission Electron Microscopy
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The structural quality of the STO/SRO heterostructures were characterized via ex situ xray diffraction (XRD) with a PANalytical X'pert system utilizing Cu Kα1 radiation. As is shown in Fig. S2(a) , a XRD θ-2θ scan of the 1 nm thick Al2O3 on 6 nm thick Co on 10 nm thick SrRuO3 on 15 nm thick SrTiO3 on silicon shows that the SrTiO3 and SrRuO3 films are epitaxial, with only reflections present. Rocking curve measurements on a similar sample show that both the SrTiO3 and SrRuO3 films are of high crystalline perfection, with a full width at half maximum of both the SrTiO3 001 and the SrRuO3 001p peaks being ~0.01°, as is shown in Fig.   S2 (b). The rocking curve of the Si 004 peak is overlaid for comparison.
Cross-sectional TEM specimens were prepared using an FEI Strata 400 Focused Ion Beam (FIB) with a final milling step of 5 keV to reduce surface damage. High-resolution ABF and HAADF-STEM images were acquired on an aberration corrected 300-keV Themis Titan. where is the unit vector of the magnetization, is the static, externally applied magnetic field, is the gyromagnetic ratio, and is the Gilbert damping constant of the FM. The third and fourth terms on the right side of Eqn. S3.1 correspond to the damping-like (DL) and fieldlike (FL) torques, where ŝ and are the unit vectors of the spin polarization and currentinduced field (the latter including both the Oersted field from the RF current in the non-magnetic layer, and any "field-like" effective field generated by the incident spin current), while and denote the strength of these two terms. For a given FM system with in-plane magnetization (Co in our case), the DL and FL torques generated by an in-plane current can be either in-plane (IP, //) or out-of-plane (OP, ), depending on the directions of ŝ and .
(a) SHE induced SOTs -ˆy s spin current polarization
As is illustrated in Fig. S3(a) , the spin current generated by the SHE in a normal metal exhibits an in-plane spin polarization ŝ y transverse to the current direction. In this case, the angular dependence of the resultant DL torque is 00 ( ) cos current direction ( x ) (Fig. S3(c) ), e.g. as part of a Dresselhaus-type SOT [11, 12] 
S4. Definition and evaluation of the torque efficiencies from a transverse (out of plane) spin current with spin polarization
Due to the different nature of the torque symmetry for the spin torques from a spin current component with ŝ z polarization, described in section S3, it is necessary to carefully define the quantity of the corresponding torque efficiencies.
In the ST-FMR measurement, a general in-plane torque results in a symmetric component that is scaled by the magnitude of this in-plane torque, , while a general out-of-plane torque corresponds to a antisymmetric component that is scaled to the magnitude of this out-of-plane torque modified by a pre-factor that depends on the demagnetization field and the resonance field res H , t^1+ M eff / H res .
As summarized in Table S3 , in the SHE scenario, the DL torque is an in-plane torque that results in the symmetric component G  is closely related to the number of single electron channels bridging the interface [16] , the Sharvin conductance, and thus is independent of temperature for typical metals. While SRO with its lower density of states and "bad metal" properties at room temperature is not necessarily a typical metal, there is no indication from the extensive studies that have been conducted on the transport properties of SRO to suggest that the overall density of states is strongly T dependent as would be required to explain our experimental results for
x DL (T ) ( s xx SRO (T )).
The spin conductance G s (T ) depends on the dominant mechanism by which spins relax in the spin Hall material. In "dirty" metals with a short elastic mean free path l e and a strong spin-orbit interaction, the Elliot-Yafet spin mechanism should dominant and the spin diffusion length should scale with l e . In that case G s is independent of l e , and thus G s for SRO should also be independent of T. We conclude that it is quite unlikely that T int has a significant Tdependence. Thus while a strong increase in s SH (T ) with decreasing T is something of a surprising result, it seems by far the most probable explanation for our experimental results. comparing the results from two microstrip samples (sample 1 is the one exhibited in the main text). As shown in Fig. S7(a) , the T-dependent trend in the large SHE-induced damping-like spin torque efficiency is quantitatively very similar for both samples, apart from the details in the behavior in the vicinity of the SRO ferromagnetic transition. The much smaller amplitude of the temperature dependent features in the damping-like and field-like torques with symmetry indicative of a ŝ z spin current polarization and perpendicular effective field, plotted respectively in Fig. S7 (b) and (c) are also quite similar in amplitude, but again with small differences which we attribute to sample-to-sample differences in the magnetic domain configuration in the SRO microstrips.
